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The character and chronology of Norse colonisation in early-medieval northern Scotland (8th-10th centuries AD) is hotly debated. The presence of reindeer antler raw material in ‘native’ or ’Pictish’ type combs from the Orkney Isles, northern Scotland has been put forward as evidence for a long and largely peaceful initial period of cultural contact, as opposed to a shorter, more polarised period probably in the late ninth century. Here this hypothesis is tested using a minimally-destructive collagen peptide mass fingerprinting method (ZooMS) to speciate the raw material of 20 combs. Eleven were identified as red deer, four as reindeer and one as whale. The accuracy and gentleness of this method was tested by the subsequent application of ancient DNA (aDNA) methods to fourteen of the same samples: in ten, amplification was successful and all supported the preliminary ZooMS identification. All ’native’-type combs in the sample are identified as red deer, and all Norse types as reindeer. These results challenge previous species identifications for these combs’ raw materials. The balance of evidence no longer supports the existence of a long period of cultural contact between Atlantic Scotland and Scandinavian settlers before the late 9th century. ZooMS is shown to have considerable potential for identification of worked bone and antler artefacts, with applications in archaeology and wildlife/art-history forensics.
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In the Viking Age and medieval period (9th-13th centuries), the Northern Isles of Scotland experienced a period of Norse social and political domination. Norse settlement is evidenced from some point after the middle of the 9th century, on the basis of the earliest conceivable date for Scotland’s Norse graves (Graham-Campbell and Batey, 1998) , though the existence of the Norse Earldom of Orkney is only recorded in documentary sources dating from the 12th and 13th centuries (summarised in Barrett, 2008a). The nature of initial contact between Scandinavia and Atlantic Scotland is fiercely debated (Barrett, 2003; Goodacre et al., 2005; Smith, 2001). Two models exist to describe this early period, which may have been characterized by small-scale migration and trading contact. One suggests a relatively long and peaceful phase lasting more than a century (Myhre, 1993), while the other supports a short and violent one, lasting c. 50 years (Morris, 1985). Given that stratigraphic integrity at 7th-11th century archaeological sites in Atlantic Scotland tends to be poor (Barrett, 2008a, 418), the distribution in time and space of artefact types considered typically ‘native’ or ‘Norse’ is highly relevant for understanding this culture contact. 
Bone/antler combs (Figure 1) were key pieces of personal equipment during the Early Middle Ages (AD 600-1100). Evidence for their manufacture is well represented throughout northern Europe (Ambrosiani, 1981; MacGregor et al., 1999; Smirnova, 2005) and demonstrates a sophisticated understanding of the physical properties of the raw materials, e.g. respecting the grain of the material when cutting teeth, in order to ensure optimum robusticity and flexibility (MacGregor and Currey, 1983). The primary use of such objects was in personal grooming, but given their complex, composite structure, often cumbersome dimensions, elaborate ornament, and role in technologies of commemoration, they doubtless also played an important role in personal display, gift exchange, and social communication (Ashby, 2011b; Clarke and Heald, 2002; Williams, 2003). These elaborate objects are therefore indicators of chronological and geographical cultural patterns in both their form and technology, and have been used as a ‘type find’ for sites in early medieval Atlantic Scotland. 
The arguments for a long prehistory of contact in Atlantic Scotland (reassessed in Barrett, 2008b) are based in part on the use of reindeer antler as the raw material for the manufacture of some hair combs of ‘native’, ‘Pictish’ or ‘pre-Norse’ type (Ballin Smith, 1995; Table 2; Weber, 1992; Weber, 1993; Weber, 1994). Reindeer (Rangifer tarandus L.) were not native to Britain in the early medieval period (Clutton-Brock and MacGregor, 1988), but were widely distributed in northern Scandinavia (Blehr, 1973; Kjos-Hanssen, 1973). Red deer (Cervus elaphus L.) and roe deer (Capreolus capreolus L.) were present in Britain during this period (Sommer and Zachos, 2009), with fallow deer (Dama dama L.) a restricted and localised introduction to the British Isles during the Roman period (Sykes and Carden, 2011; Sykes et al., 2010). The hypothesis is that the presence of reindeer antler in securely ‘pre-Norse’ combs from Orkney would indicate a relatively extended and perhaps largely peaceful period of contact between Scandinavians and the Pictish inhabitants of Atlantic Scotland.
There are, however, two difficulties with this hypothesis. Firstly, previous identifications of reindeer antler in combs (which employed both macroscopic and microscopic criteria) are open to doubt. Blind-testing of macroscopic methods, which rely on species differences of the core-compacta transition (Ashby, 2009; Ashby, 2013), showed that they worked well on modern material, but their application to decayed, fragmentary, and highly worked material, such as the combs themselves, is less secure. Secondly, few of these combs were excavated from secure contexts (Ashby, 2009) and they may therefore have been manufactured in Orkney after c. AD 850. In this case they could only suggest Pictish-Scandinavian cooperation in comb manufacture after the Norse settlement of the Isles, though this would also be an important result. 
In this paper, we report the application of a scientific method to speciate comb antler raw material securely, based on collagen peptide mass fingerprinting, dubbed Zooarchaeology by Mass Spectrometry (ZooMS: Buckley et al., 2009; Buckley et al., 2010; Buckley and Collins, 2011). Molecular methods have revolutionised wildlife forensics, and have been applied to the study of objects of art historical interest (Pichler et al., 2001; Solazzo et al., 2011; Wasser et al., 2008). However, for such highly worked artefacts non-destructive methods are understandably preferred, so we employ the new, minimally-destructive version of ZooMS (van Doorn et al., 2011). This does not require demineralisation of bone or antler samples in order to partially extract the soluble protein element (collagen), which is nevertheless sufficient in quantity and quality to allow identification to species. As this was the first application of the method to highly worked archaeological material, we tested its accuracy and non-destructiveness by subsequently carrying out (destructive) aDNA analysis of the same samples, to test species identification results. We aim to establish whether reindeer antler was used as a raw material in the manufacture of Orcadian combs. 
2. Materials and methods
2.2 Sample selection
Comb teeth (mass <80mg) from sixteen combs from five sites in the Orkney archipelago, plus four controls from the Anglo-Saxon rural site of Burdale, North Yorkshire (Richards JD, unpub), were selected for sampling (Table 1). Sampled artefacts included hair combs of ‘native’ types (Ashby types 11 and 12) and ‘Norse’ types (Ashby 5 and 6), as well as Iron-Age long-handled combs, which may have been weaving implements (Ashby, 2006; Ashby, 2009; Ashby, 2011a). It is rarely possible to distinguish between pre- and post-settlement artefacts because of the poor stratigraphy at most sites from which combs were recovered. Thus, though most native type combs (types 11 and 12) were probably manufactured prior to Norse settlement (Table 2), herein we make no such assumption: all ‘native’ types could have been made either before or after the advent of Norse control of Atlantic Scotland (which we take to have occurred at some point in the latter half of the 9th century).
Teeth already detached from the parent comb were prioritised over sampling from the comb itself. Fragmentary material was sampled only where common labelling and packaging, as well as form, dimensions and overall appearance, fostered confidence in the integrity of the relationship between it and the associated comb body, though in two cases (see below), confirmatory re-sampling of the parent artefact was required. To avoid bias, only sample number, site and a general description of each comb (‘single-sided’, ‘double-sided’ or ‘long-handled’) was supplied to analysts at the time of analysis. 
2.3 Proteomic protocol
Ammonium bicarbonate buffer extraction was carried out as described in van Doorn et al. (2011) (Figure 2). A total of 29 samples were incubated twice for one hour in 50mM ammonium bicarbonate buffer (pH 8.0) at 65°C. An aliquot from the supernatant from the second incubation (containing the soluble collagen) was collected, trypsinated and analysed using a calibrated Ultraflex III (Bruker Daltonics, Bremen, DE) MALDI-TOF MS instrument in reflector mode. Spectra obtained by mass spectrometry were compared to spectra previously obtained (Buckley et al., 2009; Buckley et al., 2010; Buckley and Collins, 2011) to identify to taxonomic group. Samples were subsequently frozen for storage at -20°C, still in contact with spare supernatant. Before aDNA analysis, samples were thawed, exhaustively rinsed in ultrapure water (ELGA Purelab Ultra, Marlow, UK) and dried in air. Samples of which less than 5mg remained or which were not deer (see Results) were omitted from aDNA analysis, as were all control (Burdale) samples and the re-sampled material.
2.4 aDNA protocol
DNA extraction was carried out in a dedicated laboratory, using a modified version of the procedure given by Yang et al. (1998). About 40mg bone powder was decalcified and digested with 0.5M EDTA (pH=8), 1M urea, and 1% protease K (all Fisher Scientific, Loughborough, UK) for overnight incubation at 56°C. The supernatant was collected via centrifugation and concentrated using Vivaspin 500 centrifugal filters (3000 MWCO, Sartorius Stedim Biotech GmBH, Göttingen, Germany). DNA was purified using silica-based spin columns (MinElute PCR Purification kit, Qiagen, Crawley, UK). Every eighth sample served as a negative extraction control (with no bone powder).
A 240 bp fragment of the 5’ end of the mitochondrial Cytochrome b (Cyt b) was amplified using three primer pairs of overlapping PCR fragments (~100 bp each: Table 2; Meiri et al., 2013). The overlapping fragments were designed as a measure of replication for each sample, and about 25 % of the sequences were replicated. In addition, the whole 240 bp fragment was amplified for three samples using one pair of primers. 
PCR amplifications were performed in 25 µl reaction volumes consisting of 1xPCR buffer (Invitrogen, Paisley, UK), 3 U Platinum Taq DNA polymerase High Fidelity (Invitrogen), 0.1 mg/mL bovine serum albumin, 2 mM MgSO4, 0.25 mM of each deoxynucleotide triphosphate (dNTP), 0.2 µM of each primer and 2-4 µL DNA extract. The PCR amplification consisted of an initial denaturing at 94 °C for 4 min, followed by 55 cycles of denaturing at 94 °C for 1 min, annealing at 46-54 °C (depending on primer pair) for 1 min, and extension at 68°C for 1 min with a final extension period of 5 min at 68 °C and 1 min cooling at 1 °C. 
Purification processes were preformed in 18 µL reaction volumes, which included 15 µL of PCR products, 0.6 µL of Exonuclease I (Exo, Fisher Scientific), 1.2 µL of Shrimp Alkaline Phosphatase (SAP, Fisher Scientific) and 1.2 µL of double distilled water. The purification phase consisted of 15 min at 37 °C, 15 min at 80 °C and 10 min at 4 °C. The samples were sequenced and analysed in an ABI 3730xl DNA Analyzer (Applied Biosystems, Macrogen Inc, Korea). Sequencing was conducted in both directions.
The sequences were visually inspected and corrected using Sequencher 4.7, then aligned against sequence references (e.g., Cervus elaphus: Accession Number NC_007704; Rangifer tarandus: Accession Number NC_007703 ) using Se-Al 2.0a 11 (http://evolve.zoo.ox.ac.uk/Se-Al/ Se-Al.html). The sequences were Blasted on GenBank (http://www.ncbi.nlm.nih.gov/genbank/ (​http:​/​​/​www.ncbi.nlm.nih.gov​/​genbank​/​​)), and species determined through % identity to the reported matches.
3. Results 
ZooMS and aDNA results for all samples are reported in Table 4. 
ZooMS identified reindeer collagen peptides in seven out of 29 samples, red/fallow deer in nine, and red/fallow/roe deer in a further five. Fallow deer are indistinguishable from red deer in ZooMS spectra but can here be excluded on contextual grounds (see above). Similarly, it can be assumed that the red/roe deer combs are red deer, as roe deer antlers are small and unsuitable for use in comb manufacture. 
Scanning electron micrographs of buffer-treated teeth from HH1138 published in (van Doorn et al., 2011) indicated the presence of short cracks along the grain of the material in the frozen sample, but no fragmentation or surface etching on either this or an unfrozen, buffer-treated control. This control and an untreated sample were indistinguishable. No change was detectable in the mineral phase by either x-ray diffraction or infra-red spectroscopy (van Doorn et al., 2011).
DNA analysis confirmed proteomic results by ZooMS in all deer samples in which amplification was successful (ten of 14), identifying reindeer in three samples and red deer in seven (Table 4). All controls were negative, and base ambiguities, possibly due to damaged DNA, were observed only for one sample (PL252) at three positions. For one sample (BY315) only two out of the three fragments worked, indicating relatively poor DNA preservation for this sample. The sequences were deposited in GenBank with accession numbers JQ268792-JQ268800. 
Two of the 29 species identification results were archaeologically significant: SK1017 A, a red deer identification from a ‘Norse- type comb, and SK1018 A, a reindeer identification from a ‘native’-type comb. Both samples came from detached comb teeth archived with the artefact. Direct re-sampling identified reindeer in ‘Norse’-type SK1017 (B, C), while in ‘native’-type SK1018 the connecting plate and intact teeth (B, C) were of red deer, though further loose fragments (D) were of cattle. Three comb spectra could not be identified to genus: one (PL5249) was either reindeer or goat; one (HH7339) resembled cetacean spectra but did not correspond to anything previously analysed; one spectrum (PL5789) is currently not represented in our collagen peptide databases. 
4. Discussion 
4.1 Methodological implications
Minimally-destructive ZooMS was shown to be a simple technique for crude identification of small (<100mg) samples of collagen-containing materials, which is not prejudicial to subsequent aDNA analysis. ZooMS had a higher success rate than aDNA analyses, probably due to the greater stability of collagen over DNA and/or its greater abundance. This is likely to be generally true elsewhere but not universally so. ZooMS readily differentiated between higher taxonomic groups (e.g. cetacean and cervid, comb HH7339) but could not always discriminate between closely related species, e.g. fallow and red deer. This was primarily due to the relatively slow evolution of collagen sequences (approximately one non-synonymous mutation per 1Ma), combined with incomplete and inconsistent peptide detection with the minimally-destructive version of ZooMS (cf. Buckley et al., 2009). A further limitation of ZooMS was that two samples in this assemblage (HH7339, PL5789) were not identifiable because they did not match any species in the database. In both cases, spectrum quality indicated that these represent genuine collagen fragmentation patterns, and were not simply products of degradation. 
In contrast, DNA analysis permits identification to species, but typically requires accurate prior knowledge of family in order to design appropriate primers. This suggests a potential role for ZooMS as a screening method ahead of aDNA analysis, both to narrow the target for animal origin and to test for the presence of sequenceable molecules. 
Minimally-destructive ZooMS analysis failed to extract sufficient soluble collagen to identify species in five of 22 samples (BUR Δ107, HH798 A, HH1138 B, PL5249, SK1019). These samples appear to share no common characteristics (e.g. age, appearance of sample, conditions of preservation, or sample size). The reason for the failure of aDNA amplification in four of 14 samples is similarly unidentifiable. 
4.2 Archaeological implications
None of the previous identifications of reindeer raw material in a ‘native’-type comb were supported by the data obtained in this study: in six of seven combs (HH798, HH1138, SK1012, SK1013, SK1014, SK1018) other deer species were definitely identified , and species identification was not successful in one sample (SK1019). Three of the four combs identified as reindeer in this study (BY315, PL252, SK1017) were typically Norse products, while the last (E1) is of unknown type. The data therefore provides no evidence of native-Norse cultural interaction in comb-making. 
The results suggest that Scandinavian materials were unavailable to craftspeople working in the native tradition of comb-making in Scotland, either before or after the beginning of Norse settlement. This may have been because (1) natives and settlers were to some degree factionalized, retaining discrete and incompatible cosmologies regarding the appropriate materials for use in combs; or simply (2) combs made in northern Britain were made in ‘native’ styles from local materials, while combs of 'Norse' form and material found in Orkney were made elsewhere and were either imports or the personal property of incoming Scandinavians. In either case, following initial settlement, the economically prosperous Orkney Norse must have depended on travel or trade to provision them with this key article of personal and social equipment. This is consistent with the paucity of direct evidence for comb manufacture in Atlantic Scotland: while elsewhere in the Viking world comb-making was widespread, it was often associated with the kinds of market sites, trade ‘hubs’ and towns (Ashby, 2012; Sindbæk, 2007; Ulriksen, 1998) that are absent in the north of the British archipelago. 
The results from combs SK1017 and SK1018 highlight the difficulties of on-site collection and long-term archiving of fragmentary artefactual material. Our initial sampling strategy spared large artefact fragments in favour of testing associated individual comb teeth, but this was shown to be problematic as not all archived material necessarily derived from the same object. For the present study, the necessity for destructive analysis made this the optimum procedure; however results indicated that future applications of the minimally-destructive ZooMS extraction technique can and should target the artefact of interest directly.
5. Conclusion
We have demonstrated for the first time a method for the rapid, cheap, accurate and minimally-destructive identification of the animal origin of worked antler and bone. Importantly, in this study ZooMS analysis: (1) was as reliable as DNA at the species level, provided an adequate reference library is available; (2) had a higher success rate than DNA, being effective on smaller, less well-preserved material; (3) was applicable to worked bone artefacts or fragments thereof, with little impact upon surface structure; (4) confirmed the importance of understanding the complex histories of post-depositional, excavation, and curatorial practices for these elaborate and sometimes fragile objects. Bone collagen survives commonly in archaeological contexts, so this analytical method is widely applicable.
ZooMS methodology added an important dimension to our understanding of the materiality of human interaction. Previous identifications of reindeer antler as the material used in ‘native’-style combs were shown to be erroneous, and it is clear that the appearance of Scandinavian raw materials on the Orcadian stage was synchronous with the arrival of combs of Norse style. There is no basis for the claim that this occurred any earlier than the mid-9th century, and it would now be unwise to persist with settlement models that rely on the existence of reindeer combs in Pictish Scotland. The next stage of this research is to attempt to establish when Norse culture did appear in Atlantic Scotland, by applying the successful ZooMS methodology to further objects, including combs of Ashby type 1c (Ashby, 2011a), dated to the 5th-8th centuries in Ireland and Scotland, as well as recently excavated combs from more tightly phased contexts.
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Figure 1. Comb SK1018. Scale: 1 cm. Photo: SP Ashby, courtesy Orkney Museum.
Figure 2. Schematic of experimental protocol. 1: sample; 2: incubate with buffer; 3: trypsinate; 4: mass spectrometric analysis; 5: spectrum comparison and interpretation. 

Table captions
Table 1. Details of sites from which combs were selected for sampling. 
Table 2. Comb types tested with their chronological and geographic ranges, from Ashby (2009; 2011). Chronological ranges are based on contextual dating where this is available.
Table 3. Primers used for aDNA analysis of deer samples. Product start and end positions relate to the nucleotide positional numbers on the reference cytochrome b sequence (Cervus elaphus; Accession Number NC_007704).
Table 4. Comb samples and species identification results. Comb types are according to Ashby (Ashby 2011). Macroscopic raw material identifications by Lie are in Weber (Weber 1992; Weber 1993; Weber 1994) and Ballin Smith (Ballin Smith 1995); those by Ashby are in Ashby Where ZooMS identification failed, spectra were too empty to assign to species: E1: ruminant; E2: small ruminant: cervid or caprid; E3: goat or reindeer; E4: mammalian: cervid or bovid. Numbers in brackets after DNA result indicate BLAST Maximum Identity (in per cent; http://blast.ncbi.nlm.nih.gov/Blast.cgi (​http:​/​​/​blast.ncbi.nlm.nih.gov​/​Blast.cgi​)). DNA analysis was not carried out in the following samples: X1: omitted (Burdale samples and re-sampled material); X2: not deer; X3: sample too small for aDNA analysis. (Ashby 2006; Ashby 2009). a denotes sample fragmentary when supplied.
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